Objective: To assess the concordance of Xpert with phenotypic drug susceptibility testing (DST) performed at the supranational reference laboratory and to describe the patterns of drug-resistant TB observed. Design: This was a retrospective descriptive study of laboratory data collected from April 2012 to December 2017. Results: In 69 months, 1408 specimens with Xpert results were sent for mycobacterial culture and DST; Mycobacterium tuberculosis was cultured from 63% (884/1408) and DST was completed in 99.4%. The concordance between Xpert and culture for M. tuberculosis detection was 98.6%. Of 760 RR-TB cases, 98.7% were detected using Xpert; 98.5% of 620 MDR-TB cases were identified using phenotypic DST. Phenotypic resistance to second-line drugs was detected in 59.4% (522/879) of specimens tested, including 29 with fluoroquinolone resistance; the majority were from the National Capital District and Daru Island. Conclusion: The high concordance between phenotypic DST and Xpert in identifying RR-TB cases supports the scale-up of initial Xpert testing in settings with high rates of drug resistance. However, rapid DST in addition to the detection of RR-TB is required.
T uberculosis (TB) is the leading cause of global mortality due to an infectious agent, and the World Health Organization (WHO) estimates that 10 million people worldwide developed TB in 2017. 1 The emergence and spread of drug-resistant TB (DR-TB) is a public health crisis. An estimated 558 000 people developed rifampicin-resistant TB (RR-TB) in 2017, 82% of whom had multidrug-resistant TB (MDR-TB), defined as additional resistance to at least isoniazid (INH) . Less than 30% of the estimated RR-TB cases were detected and notified to the WHO. 1 This proportion was even lower (19%) in Papua New Guinea (PNG), where many patients do not have access to reliable TB diagnostics or drug susceptibility testing (DST). PNG is among the 14 WHO high-burden countries for TB, MDR-TB and TB plus human immunodeficiency virus (HIV) co-infection. PNG has an estimated TB incidence of 432 (uncertainty interval 352-521) per 100 000 population and 23 (uncertainty interval 15-24)/100 000 for RR/MDR-TB; 7% of tested TB patients were HIV-positive in 2017. 1 Information about the MDR-TB burden in PNG has been limited due to a lack of laboratory facilities to perform DST. MDR-TB was first reported in patients from the Western Province, who were diagnosed through cross-border travel to Australia in 1984, but not reported until 2000. 2, 3 A subnational drug resistance survey of people presenting to 14 diagnostic centres in PNG in 2012-2014 found the prevalence of MDR-TB to be respectively 2.7% and 19.1% in new and retreatment cases. 4 Wide variations in MDR-TB prevalence was noted between the different centres, with none detected in some centres and 32% of cases identified at Daru General Hospital, South Fly District, Western Province, the site of an ongoing MDR-TB outbreak. 5, 6 In the past, smear microscopy was the cornerstone of TB diagnosis in PNG. However, low rates of testing and of bacteriological confirmation (25.9% of all treated pulmonary TB cases in 2016), as well as inadequate quality assurance in remote settings posed major challenges. 7 In 2012, the Xpert ® MTB/RIF assay (Cepheid, Sunnyvale, CA, USA) was introduced into PNG and has since been installed in 17 of the country's 22 provinces. Culture and DST is available through specimen referral to the Queensland Mycobacterial Reference Laboratory (QMRL; Brisbane, QLD, Australia). The Xpert assay is more sensitive and specific than smear microscopy in detecting Mycobacterium tuberculosis (MTB); it also detects rifampicin (RIF) resistance as a surrogate marker for MDR-TB with a rapid turn-around time. 8, 9 Xpert therefore has the potential to improve case detection and reduce time to effective treatment initiation in countries such as PNG, where access to diagnostic services is limited. 10 The aim of the present study was to assess the concordance of Xpert with phenotypic DST performed at the QMRL and to describe the patterns of DR-TB observed in PNG.
METHODS

Study design, setting and population
We conducted a retrospective analysis of the diagnostic samples initially tested using Xpert in PNG, fol-DR-TB diagnosis during Xpert scale up, PNG S13 Public Health Action lowed by submission to the QMRL for culture and DST from 1 April 2012 to 31 December 2017. Specimens were first sent to the Central Public Health Laboratory (CPHL; Port Moresby, PNG), which acts as the PNG national reference laboratory for TB, HIV, malaria and vaccine-preventable diseases. It also provides supervision and external quality assurance programmes to other provincial and peripheral laboratories, and participates in international quality assurance programmes. The QMRL serves as the WHO supranational reference laboratory for PNG.
From 2012 until 2017, Xpert instruments were installed in 30 sites in PNG, with the cloud-based Gx-Alert data monitoring system (SystemOne, Boston, MA, USA) available in 25 sites. 11 All but two of the instruments were purchased by non-governmental agencies, the majority by The Global Fund (Geneva, Switzerland). Xpert instruments were first installed in the CPHL, Daru Island and Goroka (Eastern Highlands). In 2013, five more sites were included, followed by nine more in 2014. By the end of 2017, all but five (22.7%) of PNG's 22 provinces had at least one Xpert instrument. The National TB Programme (NTP) installed 26 of the 30 Xpert instruments; 4 were installed by non-government health services.
Only the initial sample collected at the time of presentation for diagnosis is included in this analysis. Presumptive TB patients are routinely requested to provide two sputum samples (one spot and one morning) for smear microscopy, but this is rarely adhered to in settings with access to Xpert. In accordance with the relevant NTP diagnostic algorithm in place at the time, a single specimen from all eligible patients was tested in sites with Xpert. From 2012 to 2016, only presumptive MDR-TB patients, including TB treatment failures, contacts of MDR-TB patients and people living with HIV were tested using Xpert. From 2017, the protocol recommended Xpert as a frontline test for all presumptive TB cases, in parallel with smear microscopy. In provinces with high MDR-TB burdens, such as the National Capital District (NCD) and the Western and Gulf Provinces, Xpert was performed on all sputum smear-positive samples, as well as sputum from smear-negative patients with presumptive DR-TB over the study period. Extrapulmonary samples (e.g., from the lymph nodes or cerebrospinal fluid) were tested using Xpert upon clinical request. The NTP protocol requires all specimens that are RIF-resistant on Xpert to be sent to the CPHL and then to the QMRL for mycobacterial culture and DST. In addition, culture and DST were sometimes requested in Xpert-negative cases who were presumed to have MDR-TB.
Laboratory procedures
Routine sputum smear microscopy was performed in peripheral health facilities using the standard Ziehl-Neelsen technique. The Xpert assay was performed using the G4 cartridge; results were recorded as MTB detected/not detected and RIF resistance detected/not detected/indeterminate. In the QMRL, samples were culture tested on solid and liquid media using Löwenstein-Jensen slopes with pyruvate and the BACTEC™MGIT™960 (Becton Dickinson Diagnostics, Sparks, MD, USA). Phenotypic DST was performed using RIF (1.0 μg/ml), INH (0.1 μg/ml, low-level; 0.4 μg/ml, high-level), streptomycin (1.0 μg/ml), ethambutol (5.0 μg/ml) and pyrazinamide (PZA; 100 μg/ml) using an automated MGIT960 system. For isolates identified as MDR-TB, second-line DST was performed using amikacin (1.0 μg/ml), capreomycin (2.5 μg/ml), kanamycin (2.5 μg/ml), ethionamide (ETH) (5.0 μg/ml) and ofloxacin (2.0 μg/ml).
Data sources, variables and analysis
Data were extracted from the electronic TB laboratory database at the CPHL. Variables extracted included age, sex, health facility and province of diagnosis, results of acid-fast bacilli (AFB) microscopy and Xpert recorded from the peripheral diagnostic facility, and of the culture and DST data from the QMRL. The data were carefully reviewed and all analyses were performed using Stata v.12 (StataCorp, College Station, TX, USA).
Ethical approval
Ethical approval to conduct this study was obtained from the PNG Medical Research Advisory Committee, Port Moresby, PNG (MRAC no 17.42).
RESULTS
A total of 1408 specimens with Xpert results were sent to the QMRL for culture and DST. Of these, RR-TB was detected using Xpert in 1070 (76%) ( Figure) . MTB was cultured from 884 (63%) samples, 879 (99.4%) of which were subjected to DST. Eight (0.6%) culture samples grew non-tuberculous mycobacteria (NTM). An additional 233 samples were RR-TB-positive on Xpert, but were not sent to the CPHL (and therefore not to QMRL), including 105 (45%) from NCD and 42 (18%) from Daru island. This analysis therefore includes 82% of all 1303 RR-TB cases detected in PNG during the study period. Table 1 shows the patient characteristics and laboratory results by culture result. The majority (n = 1200, 85.2%) of the samples came from diagnostic facilities located in the southern region, i.e., NCD, Western Province, (458/461, 99.3% from Daru General Hospital) and the Gulf Province. Nearly half (45.8%) of the patients were aged 15-34 years; 117 (10%) of all samples were from children (aged 15 years), and the vast majority (89.3%) of the samples were sputum.
A smear microscopy result was recorded for only 624 (44.3%) specimens. Of the 403 specimens with recorded AFB smear and culture results, 315 (78.2%) AFB smear-positive specimens were also culture positive. MTB was cultured in 884 (62.8%) specimens, including 12/161 (7.5%) specimens from patients with a clinical presumption of MDR-TB who were Xpert-negative; 3/12 (25.0%) had MDR-TB confirmed using DST. Among 1247 Xpert-positive specimens for MTB, 335 (26.9%) were culture-negative, 32 (2.6%) had bacterial contamination, 4 (0.3%) had missing results and 3 (0.2%) had NTM. Among 884 specimens culture-positive for MTB, 872 (98.6%) were Xpert-positive. ( PNG supplement S14
Public Health Action Table 2 shows the concordance between genotypic (Xpert) and phenotypic DST results. Of the 879 cases with a phenotypic DST result, 760 (86.5%) were identified as RIF-resistant and 620 (70.5%) were MDR-TB. RIF resistance was detected using Xpert in 750/760 (98.7%) cases confirmed by DST, and in 611/620 (98.5%) cases with confirmed MDR-TB. RIF resistance was not detected on Xpert in 10 (1.3%) of the 760 cases confirmed using DST; 5 were 'MTB detected, RIF not detected'; 2 were 'MTB detected, RIF indeterminate' and 3 were 'MTB-negative'. Of 162 samples reported as 'MTB-negative' on Xpert, 3 (1.9%) were found to be MDR-TB cases on culture and DST. Table 3 provides an overview of the phenotypic DST results by province. Among those with DST results, 140/879 (15.9%) were RIF-resistant but INH-susceptible; 94 were RIF-monoresistant and 46 were resistant to other drugs. Of the 140 strains that were RIF-resistant but not MDR-TB, 98 (70.0%) were from NCD. The proportions of all samples with detected drug resistance that were RIF-resistant but not MDR-TB (i.e., INH-susceptible) varied by province: they were highest in samples from Gulf Province, followed by NCD, other provinces and Western Province (respectively 14/31, 42.4%; 98/358, 27.4%; 23/110, 20.7%; and 5/268, 1.9%. Of the 620 MDR-TB cases, 484 (78.1%) had resistance to at least one second-line drug (most commonly ETH). Shared resistance to RIF, high-dose INH , ETH and PZA was seen in 232/879 (26.3%) cases, and was especially common in isolates from Daru Island, comprising 160/461 (55.0%) of all the Daru DST results. There were 13 cases of extensively drug-resistant (XDR) TB (defined as MDR-TB plus resistance to any fluoroquinolone and a second-line injectable) and 21 with pre-XDR-TB, i.e. resistance to a fluoroquinolone (n = 16) or a second-line injectable (n = 5). Of the 34 cases of XDR-TB or pre-XDR-TB, 29 (85.3%) were from recognised 'MDR/XDR hotspots' (Port Moresby and Daru island).
DISCUSSION
This descriptive analysis of routine laboratory data following the introduction of Xpert testing in PNG provides important epidemiological data on TB drug resistance with implications for programmatic implementation. The high degree of concordance between Xpert and phenotypic DST for RIF resistance, while not unexpected given the high pre-test probability of resistance due to sample selection bias, supports the use of Xpert for the early 
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Public Health Action detection of RR-TB patients in PNG, a country endemic for MDR-TB but currently lacking in-country facilities for phenotypic DST. The study also presents the first data on resistance to a broad range of TB drugs from multiple settings in PNG .
The study had a number of significant limitations. There was inherent sample selection bias in that the findings simply reflect the numbers and patterns of DR-TB among samples that were sent for culture and phenotypic DST to the QMRL. DST was mainly performed on samples found to be RR-TB on Xpert or selected by clinicians using variable criteria. Samples were also mainly from better-resourced centres that were able to send their samples to the CPHL. These centres may have a higher DR-TB prevalence than other settings in the country and may also repre-sent areas with better access to second-line drugs in the past. Due to the specimen selection bias, it is probable that the study does not accurately reflect DR-TB prevalence in PNG, nor does it represent the full spectrum of resistance to drugs other than RIF, including INH. Nonetheless, our findings highlight the presence of DR-TB strains in PNG and the risk of ongoing transmission of these strains beyond the currently recognised hot spots, emphasising the critical need for more collaborative efforts to combat DR-TB in PNG.
The overall yield from mycobacterial culture was only 62%, although MTB was detected on Xpert in the majority of the samples before transport. As expected, the culture yield was significantly higher from specimens that were MTB-positive on Xpert PNG supplement S16 Public Health Action 
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Public Health Action than from those that were MTB-negative. The low culture yield reflects particular challenges with adequate storage and the time to transfer samples, with culture yield lowest in samples from Gulf Province, where laboratory services and transport logistics are the most challenging. The failure to send 18% of samples with 'RR detected' to the CPHL may be associated with a lack of International Air Transportation Association permits in some provinces, a lack of communication around sample collection and the absence of an effective monitoring system. Factors that decrease adherence to laboratory guidelines and increase transport time in this challenging environment require further research. The findings from this study support the need to further develop pragmatic guidelines for optimal Xpert implementation and ongoing quality assurance. The culture yield in this study was lower than that in reports from similar remote settings, and strategies to increase yield, such as site decontamination, could be explored; however, bacterial contamination rates were remarkably low. [12] [13] [14] [15] There is a need to perform careful cost-benefit analyses for new diagnostics in PNG and adequate in-country support is vital to ensure the reliability and sustainability of Xpert. 16, 17 Despite these limitations, the study provides a unique overview of DR-TB patterns observed in PNG. Data on first-and second-line drug resistance are required to inform the development of effective regimens for the programmatic management of RR/ MDR-TB in different areas of PNG. For example, the combination of RIF resistance and INH susceptibility was most prevalent in DR-TB samples from Gulf Province and NCD. The reasons for this are not known. Contributing factors may have been the use of RIF to treat large numbers of leprosy cases from NCD and Gulf Province over a period of many decades, as well as historic drug stock-outs or inferior quality drugs that compromised first-line treatment, but this is speculative. MDR-TB with additional second-line drug resistance was observed in all provinces. Resistance to high-dose INH was very common in samples from Daru, compared to studies performed elsewhere. 18 The co-resistance of ETH, streptomycin, PZA and ethambutol was also common in Daru. The unique DST pattern of this outbreak strain has been previously reported, 6 and, given the treatment challenges of this unique strain, it is a matter of concern that it was also identified in NCD and other provinces. The national guidelines were revised in 2017 to exclude ETH from the standardised MDR-TB regimens in PNG.
CONCLUSION
The use of Xpert has increased the detection of RR-TB and MDR-TB in PNG. The high frequency of resistance to multiple drugs emphasises the need to accelerate the in-country availabil-ity of DST. Ongoing surveillance of DST patterns is essential to improve treatment guidelines, especially in the context of recent major changes to the WHO MDR-TB treatment guidelines. 19 Contexte : L'Xpert ® MTB/RIF a été introduit en Papouasie Nouvelle Guinée en 2012 pour le diagnostic de la tuberculose (TB) et de la TB résistante à la rifampicine (RR-TB), un marqueur de TB multirésistante (MDR-TB). Objectif : Evaluer la concordance de l'Xpert avec le test de pharmacosensibilité phénotypique (DST) réalisé au laboratoire de référence supranational et décrire les profils de TB pharmacorésistante observés. Schema : Une étude rétrospective descriptive de données de laboratoire recueillies entre avril 2012 et décembre 2017. Resultats : En 69 mois, 1408 échantillons comportant des résultats d'Xpert ont été envoyés au laboratoire pour une culture de mycobactéries et un DST. Mycobacterium tuberculosis a été cultivé sur 63% (884/1408) et le DST a été réalisé sur 99,4% de ces derniers. La concordance entre l'Xpert et la culture pour la détection de M. tuberculosis a été de 98,6%. L'Xpert a détecté 98,7% de 760 cas de RR-TB et 98,5% de 620 cas de MDR-TB identifiés par DST phénotypique. La résistance phénotypique aux médicaments de deuxième ligne a été détectée dans 59,4% (522/879) des échantillons testés, dont 29 avaient une résistance aux fluoroquinolones, la majorité émanant du district de la capitale nationale et de l'île de Daru, Province de l'Ouest. Conclusion : La concordance entre DST phénotypique et Xpert pour la RR-TB est en faveur de l'accélération du test initial par Xpert dans les contextes de taux élevés de pharmacorésistance. Il y a cependant un besoin de test rapide de pharmacorésistance pour la détection de la résistance aux médicaments autres que la rifampicine.
Marco de Referencia:
La prueba Xpert ® MTB/RIF se introdujo en Papúa Nueva Guinea en el 2012 para el diagnóstico de la tuberculosis (TB) y la TB resistente a rifampicina (RR-TB), que es un marcador de la TBmultirresistente (MDR-TB). Objetivo: Evaluar la concordancia de la prueba Xpert con las pruebas fenotípicas de sensibilidad realizadas en el Laboratorio Supranacional de Referencia y describir los tipos de TB farmacorresistente observados. Método: Fue este un estudio descriptivo retrospectivo de los datos de laboratorio recogidos de abril del 2012 a diciembre del 2017. Resultados: En 69 meses, se enviaron 1408 muestras con resultados de la prueba Xpert para cultivo micobacteriano y pruebas fenotípicas de resistencia. Se cultivó el Mycobacterium tuberculosis del 63% de las muestras (884/1408) y en 99,4% de estas se completaron las pruebas fenotípicas de resistencia. La concordancia entre la prueba Xpert y el cultivo de micobacterias para la detección de M. tuberculosis fue de 98,6%. Con la prueba Xpert se detectó el 98,7% de 760 casos de RR-TBy el 98,5% de 620 casos de MDR-TB detectados con las pruebas fenotípicas. En el 59,4% (522/879) de las muestras examinadas se detectó resistencia fenotípica a los fármacos de segunda línea, incluidos 29 casos con resistencia a fluoroquinolona y la mayor parte provenía del Distrito Capital Nacional y la Isla Daru de la Provincia Occidental. Conclusión: La alta concordancia entre las pruebas fenotípicas de sensibilidad a los medicamentos y la prueba Xpert con respecto a rifampicina respalda la ampliación de escala de la utilización de la prueba Xpert hacia entornos con tasas altas de farmacorresistencia. Sin embargo, se precisan pruebas rápidas de detección de la resistencia a otros fármacos diferentes de la rifampicina.
